Ash deposition is a key factor that deteriorates the heat transfer performance and leads to higher energy consumption of low pressure economizer working in low temperature flue gas. In order to study the ash deposition of heat exchange tubes in low temperature flue gas, two experiments are carried out with different types of heat exchange tubes in different flue gas environments. In this paper, Nusselt Number Nu and fouling factor are calculated to describe the heat transfer characteristics so as to study the ash deposition condition. The scanning electron microscope (SEM) is used for the analysis of ash samples obtained from the outer wall of heat exchange tubes. The dynamic process of ash deposition is studied under different temperatures of outer wall. The results showed that ash deposition of heat exchanger will achieve a stable state in constant flue gas environment. According to the condition of condensation of acid vapor and water vapor, the process of ash deposition can be distinguished as mere ash deposition, acid-ash coupling deposition, and acid-water-ash coupling deposition.
Introduction
Since many countries, such as China and India, are still heavily dependent on coal-based energy supply [1, 2] and the use of fossil fuels leads to environmental problems, which influences human health and ecosystems sustainability [3] , it is of great significance to improve efficiency of coal-fired power plants [4, 5] .
Ash deposition is a key factor that deteriorates the heat transfer performance and leads to higher energy consumption and inefficiency in usually used industrial heat exchangers [6, 7] . Many researchers paid their attentions to this field. Shi et al. [8] carried out an experiment in a 75 t/h circulating fluidized bed boiler unit, employing fouling factor and overall heat transfer coefficient ratio to evaluate the influence of ash deposition on heat transfer. Shimogori et al. [9] evaluated the effect of fine ash particles and alkali metals on the decreasing heat flux at the initial stages of ash deposition which had a significant effect on heat transfer characteristics during the whole ash deposition process. Y.-J. Kim and S.-S. Kim [10] investigated deposition of particles onto a cold circular cylindrical surface in high temperature particle-laden cross-flows experimentally, obtaining local particle deposition efficiency for two Reynolds number and three wall/gas temperature ratio parameters by using scanning electron microscopy (SEM) techniques. Barroso et al. [11] used an entrained flow reactor to characterize the slagging behaviour of twelve coals/blends under different experimental conditions and perform a detailed characterization of the coals, fly ashes, and deposits. Vuthaluru and French [12] undertook a mineralogical study in order to understand deposit formation in the air heater sections of the boiler through collecting and analyzing several air heater deposit samples in the selected regions of the air heater along with samples of the feed coal, bottom ash, and fly ash for comparison of ash chemistry and mineralogy. Yan et al. [13] demonstrated the implications of three coalescence schemes (i.e., the no-coalescence, the full-coalescence, and a partial 2 Discrete Dynamics in Nature and Society coalescence) on ash character and subsequent ash deposition by means of an ash formation model and an ash deposition model. The temperature of the outer wall of heat exchange tubes is a factor that can influence ash deposition, since extremely low temperature may cause sulfuric acid vapor and water vapor contained in the flue gas to condense on the outer wall of tubes to form liquid film, resulting in serious ash deposition and corrosion. Li et al. [14] conducted experiments to investigate heat transfer characteristics of heat exchanger in the flue gas environment with dust and acid and proposed the definition of engineering dew point of flue gas by analyzing the differences of heat transfer characteristics under different temperatures of outer wall, illustrating that heat transfer characteristics of heat exchanger can be influenced by outer wall temperatures. Nuntaphan and Kiatsiriroat [15] investigated the effect of fly-ash deposit on thermal performance of a cross-flow heat exchanger having a set of spiral finned tubes as a heat transfer surface, with the inlet temperature of cold water stream being kept constant at 5 ∘ C. Wang et al. [16] performed ash deposition experiments with anti-dew point corrosion materials at temperature below dew point and analyzed microstructures of the composition of ash deposition by X-ray diffraction (XRD) and Energy Dispersive Spectrometer (EDS), illustrating that the ash deposition layer could be divided into noncondensation zone, main condensation zone, and secondary condensation zone. He et al. [17] performed a three-dimensional numerical study on acid condensation characteristics of H-type finned tube bank with 10 rows of tubes, which led to a conclusion that, among seven influence factors studied, Reynolds number and fin thickness have the most important effect on the average condensation rate on the fin surface. Meanwhile, the study on dew point, at which temperature the sulfuric acid vapor or water vapor begins to condense, has received a lot of interest. Bahadori [18] formulated a predictive tool to estimate the acid dew point, for sulfur in various fuels, volume fraction in gas up to 0.10 (0.10 mass fraction in liquid), excess air fractions up to 0.25, and elemental concentrations of carbon up to 3.
It should be noted from the above discussions, to the authors' knowledge, that few field experiments have been conducted on the coupling effect of acid-ash or acid-waterash on ash deposition. Therefore, the aim of this work is to investigate the ash deposition and heat transfer characteristics of heat exchange tubes in low temperature flue gas. Two experiments are carried out in different environment, with different types of heat exchange tubes and with different data processing methods in order to make the conclusion universal. Figure 1 shows the schematic diagram of the experimental system I. The system mainly includes experimental section installed in the flue pipe of a fluidized bed combustion boiler (CFB) and a thermostatic water tank for providing constant temperature water. In the experiment, the flue gas flows through expanding section, rectification section, and tube bundles of H-type elliptical finned tubes in in-line arrangement and stagger arrangement. The main technique specification of experiment I is shown in Table 1 . The geometric parameters of finned tube bundles are listed in Table 2 . Figure 4 shows the schematic diagram of experimental system II. Compared with experimental system I, the finned tube bundles are replaced by a double pipe and the experimental environment is changed. Figure 5 shows the geometrical sketch of double pipe of experiment II.
Material and Methods

Experimental System.
The main technique specification of experiment II is shown in Table 3 . The geometric parameters of double pipe are listed in Table 4 .
In experiment I, constant temperature water (i.e., desalted water) is supplied by a thermostatic water tank to the heat exchange tubes, the outlet water is cooled by a radiator and utilized cyclically, the flow rate of the flue gas is adjusted by a shutter and measured by cross-section method using pitots and differential-pressure gauge, the flow rate of constant temperature water is controlled by a valve in inlet pipe and measured by a flowmeter, and the temperatures of water 4 Discrete Dynamics in Nature and Society inlet and outlet are measured by resistance thermometers. Meanwhile, the mass flow of constant temperature water and qualitative temperature is kept constant. In experiment II, the measuring instruments used are the same as that in experiment I. Measuring instruments and the precision thereof are shown in Table 5 .
Discrete Dynamics in Nature and Society 5 2.2. Experiment. The preparations of experiment I include installing the experimental instruments into the flue pipe, closing the shutter to keep the heat exchange surface clean, waiting for the boiler running steadily, heating the water in the tank, and opening the pump and valve to pump the constant temperature water into the heat exchanger continuously.
In experiment I, the experimental procedure is as follows: opening the shutter, controlling the temperature of water inlet using thermostatic water tank so that the wanted temperature of outer wall of heat exchange tubes is obtained, waiting for the ash deposition achieving stable state, recording the parameters to be measured, adjusting the shutter many times to obtain data under different flue gas velocities, and lowering the temperature of water inlet to obtain another group of parameters under another temperature of outer wall.
In experiment II, the experimental procedure is basically the same as that of experiment I, except the following differences: firstly, shutter 3 is removed and the flow rate of flue gas is constant, so the procedure of adjusting shutter 3 is omitted; secondly, the temperatures of inlet water, outlet water, and outer wall are recorded in real time; thirdly, once the ash deposition achieves stable state, the double pipe is brought out of the flue pipe to be observed and is cleaned up before it is put back.
Data Process of Experiment I.
In experiment I, dimensionless criterion Nusselt Number Nu is used to describe the heat transfer characteristics.
Reynolds Number Re of flue gas outside tubes can be calculated by
where refers to velocity of flue gas, m⋅s −1 , 2 refers to short axis diameter of elliptical tube, m, and refers to kinematic viscosity of flue gas, m 2 ⋅s −1 . In experiment I, finned tubes are well ribbed with compact heat exchange surface, and the temperature difference between water inlet and outlet is limited within 5 ∘ C by controlling the flow rate of constant temperature water. Hence, the temperature distribution on the surface of outer wall is uniform. In order to avoid disturbing the temperature distribution around the surface of outer wall due to the arrangement of too many resistance thermometers, the heat transfer coefficient ℎ is calculated using variable separation approach without measuring the temperature of outer wall directly. To be specific, the outer wall heat transfer coefficient ℎ is calculated firstly by the measured parameters and then handled dimensionlessly to obtain the fitting formula of Nu.
According to heat transfer theory, it holds that
where refers to overall heat transfer coefficient, W⋅m −2 ⋅K −1 , ℎ refers to heat transfer coefficient outside tube wall, W⋅m −2 ⋅K −1 , refers to finned coefficient, ℎ refers to convective heat transfer coefficient of inner wall, W⋅m −2 ⋅K −1 , refers to thermal resistance of tube wall, m 2 ⋅K⋅W −1 , and refers to thermal resistance of fouling on inner wall, m 2 ⋅K⋅W −1 . In the experiment, ℎ is much smaller than ℎ , so (1/ℎ + + ) keeps invariant, which can be defined as . Then the heat transfer coefficient outside tube wall ℎ can be written as follows:
Dimensionless criterion number Nu can be obtained by
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Data Process of Experiment II.
In experiment II, another data processing method is used. Fouling factor is calculated to describe the ash deposition condition. First, total heat exchange is calculated according to temperature difference between inlet water and outlet water:
where refers to total heat exchange per unit time, W, refers to specific heat capacity of water, J⋅kg
to mass flow of constant temperature water, kg⋅s −1 , and out and in refer to temperature of outlet water and inlet water, respectively, ∘ C. Then, overall heat transfer coefficient can be calculated by
where = × 4 × 0 , refers to effective heat exchange area of double pipe, m 2 , 4 refers to outer diameter of outer pipe, m, 0 refers to effective length of double pipe, m, refers to overall heat transfer coefficient, W⋅m −2∘ C −1 , refers to total heat exchange per unit time, W, and and refer to temperature of flue gas and the outer wall of double pipe, respectively, ∘ C. Since the heat transfer of double pipe with ash deposited can be considered as heat transfer of multilayer medium, overall heat transfer coefficient can also be calculated by
where refers to overall heat transfer coefficient, W⋅m −2 ⋅K −1 , 0 refers to overall heat transfer coefficient of clean double pipe, W⋅m −2 ⋅K −1 , ℎ refers to convective heat transfer coefficient between inner wall and water, W⋅m −2 ⋅K −1 , ℎ refers to convective heat transfer coefficient between outer wall and flue gas, W⋅m −2 ⋅K −1 , , , and refer to thickness of scale on inner wall, outer tube, and fouling on outer wall, respectively, m, , , and refer to thermal conductivity of scale on inner wall, outer tube, and fouling on outer wall, respectively, W⋅m −1 ⋅K −1 , and refers to fouling factor, m 2 ⋅K W −1 . According to (6) and (7), can be calculated by 
Error Analysis.
The directly measured parameters in the experiment and the error thereof are shown in Table 5 . The errors of indirectly measured parameters, such as dimensionless heat transfer coefficient and fouling factor, are obtained by combining standard uncertainties, according to
In this experiment, the combined standard uncertainties of Nu and obtained by (6) are 2.94% and 1.73%, respectively.
Results and Discussion
Results and Discussion of Experiment I.
In experiment I, Nu is calculated to indicate heat transfer characteristic of tubes. As can be seen from Figure 6 , Nu of tubes in different flow field with different Eu of flow gas with different arrangement shows same change regulation according to the change of temperature of outer wall. That is, Nu reduces sharply at two turning points, accompanied with three temperature ranges in which heat transfer is stable.
At the beginning stage, the heat exchanger works at a mere ash deposition condition and the ash deposition reaches a state of equilibrium, and the deposition rate is equal to the denudation rate. When the temperature of outer wall reduces to 70 ∘ C, the equilibrium is destroyed and Nu reduces rapidly. This is because acid vapor starts to condense on the outer wall, changing the viscosity of ash deposited on the tube, so the deposition rate becomes greater than the denudation rate. After hours of acid-ash coupling deposition process, a new equilibrium is established and the heat exchanger works in a steady state again. The new balance cannot be stuck by lowering the temperature of outer wall unless the temperature reaches 50 ∘ C. Under this temperature, the water vapor starts to condense on the outer wall, which aggravates ash deposition and causes a rapid decrease of Nu. Finally, a new balance establishes and the heat exchanger works in steady acid-water-ash coupling deposition condition.
Ash samples collected from surfaces of tubes in different ash deposition conditions are studied by energy spectrum analysis method using SU-70 thermal field SEM. The energy spectrum diagrams of the ash particles under different wall temperatures are shown in Figure 7 and a semiquantitative assessment can be obtained.
As can be seen in the figure, no acid condenses on the outer wall when temperature of the wall is 80 ∘ C. When the temperature of outer wall is 65 ∘ C, the main elements of ash deposited on the outer wall are O, Si, Al, S, Ca, and K, ordered in mass content. Under this temperature, a little element S appears in deposited ash, illustrating that the acid vapor begins to condense on the surface of the exchanger. When the temperature of outer wall comes down to 45 ∘ C, which is below water dew point, the main elements of ash deposited on the outer wall are O, Si, S, Cl, Fe, Al, Ca, and K, ordered in mass content. That means large amount of acid vapor and water vapor begins to condense on the surface of the heat exchanger and corrodes the surface severely with the oxygen in flue gas.
Based on the above observation and analysis, during the process of lowering the temperature of outer wall of heat exchanger, the ash deposition can be divided into three stages: mere ash deposition condition, acid-ash coupling deposition condition, and acid-water-ash coupling deposition condition. In each stage, the ash deposition will reach a stable state after hours and Nu will keep constant in the stable state.
Results and Discussion of Experiment II.
In experiment II, fouling factor is calculated to describe the ash deposition condition. As can be seen from Figure 8 , with the fall of temperature, of double pipe increases obviously at 70 ∘ C and 45 ∘ C. This is consistent with the phenomenon of experiment I.
In order to study the dynamic process of ash deposition, the real-time curve of under typical temperature of outer wall is discussed. Figure 9 shows the real-time change of when the temperatures of outer wall are 41 ∘ C, 65 ∘ C, and 71 ∘ C. As can be seen, achieves a stable value after about 2-3 hours, independent of the temperature of outer wall. At 71 ∘ C, stabilized on about 0.002 m 2 ⋅K/W, at 65 ∘ C, stabilized on about 0.005 m 2 ⋅K/W, and at 41 ∘ C, stabilized on about 0.008 m 2 ⋅K/W. After hours of ash deposition, the double pipe is brought out of the flue pipe and the deposition condition is observed. When the temperature is 71 ∘ C, there is no ash deposited on the windward side; the ash deposited on the leeward side is dry and can be blown away. When the temperature is 65 ∘ C, there is no ash deposited on the windward side; the ash deposited on the leeward side is a little wet, which cannot be blown away but can be mopped by a cloth. When the temperature is 41 ∘ C, wet ash deposited on both windward side and leeward side and can only be removed by using sandpaper or knife. This is because when the temperature is 65 ∘ C, acid vapor starts to condense on the outer wall, and when the temperature is 41 ∘ C, large amount of acid vapor and water vapor condenses on the outer wall. Pictures of ash deposited on the outer wall of double pipe are shown in Figure 10 .
Conclusions
In this paper, two experiments are carried out using different heat exchangers in different flue gas environments. The following conclusions can be demonstrated:
(1) Ash deposition of exchanger in low temperature flue gas is influenced by acid condensation and water condensation. (2) In constant flue gas environment, heat transfer characteristic of heat exchanger will achieve a stable state after a period of time.
(3) According to the temperature of outer wall of heat exchanger, the ash deposition can be divided into three stages: mere ash deposition condition, acidash coupling deposition condition, and acid-waterash coupling deposition condition. 
